INTRODUCTION
Unlike a typical mainshock-aftershock sequence, there is no obvious mainshock in the August 2004 earthquake sequence at Abu-Dabbab in the central eastern desert of Egypt. Therefore, the August 2004 pattern shows the characteristics of swarm behavior. With few exceptions, most earthquake swarms are associated with volcanic regions, and their occurrence has been often related to the movement of magma. The focal mechanisms of swarms are typically normal slip or occasionally strike-slip. The periodic occurrence of earthquake swarms accompanied by knocking sounds at Abu-Dabbab is well-known since the early 1980s. The annual activity rate recorded by the Egyptian National Seismographic Network (ENSN) indicates that the seismic energy was released by both background seismicity and four microearthquake swarms from 2001 to 2005.
In the present paper, we have used microearthquake monitoring techniques along the Egyptian Red Sea Hills to investigate the neotectonics of the Abu-Dabbab region. With a temporary dense, digital seismological network we were able to record the complete spectrum of seismic energy released by both the background seismicity and a microearthquake swarm with a total of 866 locatable events that lasted for one week in August 2004. These locatable events are tightly clustered within a circular area with a 3.5-km radius and oriented in an E-W to ENE-WSW direction perpendicular to the Red Sea rift axis. The majority of these microearthquakes are located between 5-14 km deep that likely delineates two seismogenic zones centered at depths of 6 km and 9 km respectively.
One way to better understand earthquake swarms and neotectonic processes is to look at focal mechanisms and local stress field. Here we present, for the first time, focal mechanism solutions for 17 microearthquakes. The obtained solutions reflect a highly complex tectonic setting along the investigated area; however, more than half the fault-plane solutions indicate reverse faulting with a strike-slip component. The remainder show normal faulting with a strike-slip component.
We investigated the present-day stress field by analyzing the directions of maximum horizontal stress (σ 1 ) as derived from earthquake focal mechanisms. The results indicate that the orientation of P-axes reflect E-W alignment of (σ H ) with a vector mean of 85 o ± 2 o . Thus the stress directions are consistent with the overall regional direction of maximum horizontal stress in southern Egypt. Moment tensor inversions show clear non-double-couple (volumetric) components that for some events come up to 35%, and high heat flow values (92 mW/m 2 ) are also reported. Therefore we suggest that present-day seismicity and deformation at Abu-Dabbab is originated by local stress and is likely related to magmatic intrusion into the upper crust triggered by regional tectonics.
Seismotectonic Setting
The Abu-Dabbab region is located in the central part of the eastern desert of Egypt at latitude 25.0°-25.5°N and longitude 34.2°-34.7°E, 27 km inland from the Red Sea coast (figure 1). Apart from nomadic Bedouins, the eastern desert is essentially unpopulated east of the Nile River, with small populated developments on the relatively narrow but variable-width coastal plain. Therefore, no historical earthquakes have been reported in the Abu-Dabbab region (see, for instance, Kebeasy 1990; Badawy 1999 ). However, two recent events (12 November 1955 and 2 July 1984) were widely felt in Upper Egypt.
The first microearthquake monitoring along the Egyptian Red Sea margin was carried out by Daggett et al. (1980 Daggett et al. ( , 1986 . They identified two areas of intense microearthquake activity: the first at the southern end of the Gulf of Suez and the second near Abu-Dabbab in the Precambrian Red Sea Hills. Although they located more than 200 microearthquakes in a very small area, they did not find any relationship between this activity and any active faults in the region. The nature of the earthquake mechanisms was not readily apparent because they used only five stations of single-channel smoked-paper-drum seismographs. Single-event or composite fault-plane solutions have yielded internally inconsistent plots (Daggett et al. 1980 (Daggett et al. , 1986 . Morgan et al. (1981) reported that earthquakes in the AbuDabbab area have been accompanied by a distinct rumbling sound similar to the sound of a distant quarry blast, according to local Bedouins. There is evidence from local Bedouin place names that the activity has been continuing for some time, because Abu-Dabbab translates as "father of the knocking sound."
The high level of activity and extremely tight clustering of microearthquakes at Abu-Dabbab suggests that the seismicity in this area is not directly related to regional tectonics, and there is no obviously related structural feature (Daggett et al. 1986) . One possible explanation is that the activity is related to magmatic intrusion into the Precambrian crust, but there is no direct evidence to support this hypothesis (Daggett et al. 1986) .
El-Hady (1993) studied the earthquake activity in the Red Sea margin and Abu-Dabbab in relation to geothermal evaluation. He determined that the brittle-ductile transition depth in the Abu-Dabbab area was ~ 9-10 km, based on earthquake focal depths.
Abu-Dabbab lies in the central part of the eastern desert of Egypt, which essentially consists of a backbone of high and rugged mountains parallel to the Red Sea coast, the greater part of which is covered by Late Proterozoic basement rocks of the Nubian Shield (Said 1962) . The Nubian Shield is made of igneous and metamorphic rocks developed in the early part of geological history. They include widespread acidic igneous intrusions. Large-scale ultrabasic to basic intrusions in the form of flow, dykes, masses, and other shapes were introduced in the sediments before their metamorphism. The derivatives of ultrabasic intrusions are represented at the Abu-Dabbab area by serpentine rocks. Some of these serpentine bodies are relatively massif, of significant size, and make up many of the peaks in the area. The mechanical behavior, frictional characteristics, and other physical properties of serpentinite are of particular interest in discussions of the active faults associated with serpentine rocks, as well as large-scale orogenic events.
At the Abu-Dabbab area, the talc-carbonate rocks, with relics of serpentinized rock, are represented as one country-rock unit. This reflects an important characteristic of the periphery of the serpentine masses and the old fracture lines into talc-carbonate rocks. The rocks of the unit form a series of small-lens beds and stocklike bodies usually elongated in the northwest direction (Sabet et al. 1976) . The serpentine rocks are cut or bounded with faults. There are two fault segments with a northwest direction, nearly parallel and surrounded by serpentine rocks.
On the other hand, the majority of destructive earthquakes occur at shallow depths along preexisting faults, many of which represent the boundaries where lithospheric plates of different geological character are in contact. Serpentine is commonly associated with large active faults, such as the Motagua fault zone in Guatemala (Plafker 1976 ) and along the San Andreas fault between Hollister and Parkfield, California, and it may be responsible for controlling the movement along that segment of the San Andreas fault (Allen 1968) .
There are two main fault trends in the eastern Egyptian desert: northwest normal faults nearly parallel to the Gulf of Suez/ Red Sea and northeast-trending fault systems (Youssef 1968) . These two trends of faulting are assumed to be two complementary sets of shear fractures that were produced by a compressive stress oriented N10 o W-S10 o E (Said 1962) . In addition there is another set of fault systems trending in the ENE-WSW to E-W direction.
DATA AND TECHNIQUES
Before the installation of the modern Egyptian National Seismographic Network (ENSN) in 1997 and due to the scarcity of seismographic stations, only three events were located in the Abu-Dabbab area. However, once the ENSN was operational, the number of located earthquakes increased, after complete deployment of all stations in 2002, to an annual rate of more than 700 microearthquakes (figure 2). By reviewing this dataset (2001) (2002) (2003) (2004) (2005) we found that the number of microearthquakes (1.0 < M L <3.0) is larger (more than 55%) than the number of ultra-microearthquakes of M L < 1.0 (less than 43%). This indicates too much scatter in the magnitude-versus-recurrence diagram to calculate a consistent value of the b-slope parameter and reflects the incomplete record of ENSN's archiving as well. Therefore we have initiated a program of microearthquake monitoring in Abu-Dabbab to obtain a complete record of released energy and to study the active tectonics of this important economic area. We present here the results of our investigation in addition to ENSN recordings in the form of microearthquake seismicity including: time domain cross-correlation for waveform similarity, focal mechanism solutions, and recent stress derivation with neotectonics implications.
Obviously, the dense distribution of the ENSN seismic stations improved the detection of microearthquakes. New clusters of microearthquakes have been recorded for the first time at different inland areas of Egypt (Badawy 2005a) . One of them is the Abu-Dabbab region, where more than 900 events were reported in 2003 alone. During the summer of 2004 a digital network of 11 seismological stations (10 vertical-component stations and one three-component station, Nanometrics Orion portable system) was installed in the central eastern desert of Egypt (figure 3) where two moderate earthquakes (M = 5.6 and M = 5.2) occurred on 12 November 1955 and 2 July 1984, respectively. There are many good bedrock seismic recording sites in the crystalline basement of the Red Sea Hills, isolated from cultural disturbances and ideal for monitoring microearthquakes with portable arrays. All instruments are triggered digital recorders connected to 1-Hz Mark-Product L4C vertical shortperiod seismometers, GPS timing systems, and RD3 digitizers at a sampling rate of 100 samples/s. The remote sites transmit data to the analysis center at Mersa Alam by VHF radio waves. In spite of the rugged topography of the area, a communication test was successful before the installation.
The collected data were analyzed for hypocentral parameters estimation using the HYPO71 (Lee and Lahr 1972) location program. We used the crustal structure that was derived from gravity and deep seismic sounding by Marzouk (1988) for event location and take-off angle estimation. The dataset consists of 866 located events from a minimum of eight stations having a root mean square travel-time residual (RMS) of less than 0.1 s, horizontal (ERH) and vertical (ERZ) uncertainties smaller than 0.4 km and 0.8 km, respectively, and an azimuthal gap smaller than 90 o . A subset of 55 events (table 1) with M L > 1.0 has been used in waveform-similarity cross-correlation technique. Similar waveforms are produced when earthquakes have similar rupture mechanisms and are co-located (share the same ray paths between source and receiver). Therefore, correlated earthquakes are earthquakes that occur within a few kilometers of one another and have similar focal mechanisms, thus generating similar waveforms that allow measurements to be made via cross-correlation analysis.
Out of only 17 focal mechanisms, a minimum of 15 P-wave polarities (from both the temporary network and ENSN records) have been calculated using the program code FOCMEC (Snoke et al. 1984) . We took into consideration the quality of the polarity reading and the type of wave (direct or refracted). For more constraints on our solution we also used the amplitude of the S/P ratio. 
MICROEARTHQUAKE SEISMICITY
Seismicity is the manifestation of tectonically weak zones/ faults that might still be active. To study the seismicity and neotectonics of the Abu-Dabbab region we considered earthquake data recorded by ENSN and our temporary network. The spatial distribution of earthquake foci recorded by ENSN (figure 2) shows that the microearthquakes in the Abu-Dabbab region are extremely tightly clustered in a planar shape in an ENE-WSW trend with an annual rate of more than 700 events. 
August 2004 Earthquake Swarm Microearthquake monitoring for three weeks in August 2004
along the central part of the eastern Egyptian desert indicated a concentration of earthquake activity at Abu-Dabbab (figure 3). More than 1,000 events were recorded, but most of them were weak and followed each other so closely in time that only 866 events out of the 1,000 are located. The spatial distribution of locatable events shows that they lie within a circular area of 3.5-km radius (figure 3), they tend to align in an E-W to ENE-WSW direction, and they mark the end of the activity zone transverse to the Red Sea. The rates of microearthquake activity ranged from typically 15 to 20 events/day (background or solitary seismicity) to microearthquake swarms with more than 100 events/day with maximum M L = 3.4 (figure 4). Depth distribution shows that the majority of events are located between 5 and 14 km deep with a maximum number of events between 6 and 9 km (figure 5). No earthquakes are reliably located at depths greater than 15 km. Therefore, the seismicity likely is located in the upper continental crust. For more constraints, the cross-correlation was performed for waveform similarities of the subset of 55 microearthquakes. Data filtered between 1 and 4 Hz and containing both P and S onset were used for all datasets. The time window for crosscorrelation started 1 s before the picked P-arrival and lasted for 9 s. The obtained results indicate that the studied events comprise two different groups (table 1): background seismicity and a microearthquake swarm. The most recent swarm lasted for seven days with a maximum M L = 3.4 on 12 August 2004. The majority of the investigated microevents (65%) showed similar waveforms, pointing to similar focal mechanisms (G-II, table 1). Several singular events (35%), however, occurred before, during, and after the swarm, and they have not shown any waveform similarity and likely result from different source mechanisms (G-I, table 1). These events represent the background or solitary activity and do not belong to the August 2004 swarm. In spite of waveform similarities, we found that approximately 54% of the 55 microearthquakes have a cross-correlation coefficient (CC) greater than 0.9 and more than 65% exhibit CC ≥ 0.6 (figure 6). During the weeklong crisis the waveforms are well-correlated; however, events before and after the swarm have not shown any similarities.
Focal Mechanism Solutions
Though the significant earthquakes in the Abu-Dabbab region are 12 November 1955 (M = 5.6) and 2 July 1984 (M = 5.2), a focal mechanism solution is available only for the second event (figure 1), showing a normal faulting mechanism with a strikeslip component and fault planes oriented in NW-SE and ENE-WSW directions.
As mentioned, we compute focal mechanisms only for earthquakes with a minimum of 15 polarities. These events and all microearthquakes, with their magnitudes, are listed in table 1. The preparation of the data involved a band-pass filtering, in most cases between 1 and 15 Hz, to achieve a better signalto-noise ratio. We determined the P and S onsets of the direct waves, as well as their incident angles at the free surface, using polarization analysis. Then we corrected amplitude ratios for the free-surface amplification and estimated the azimuth and take-off angles on the basis of the hypocentral coordinates and a crustal model derived from deep seismic sounding by Marzouk (1988) . Having a dense seismic network (e.g., in our case the maximum epicentral distance is less than 20 km) above the earthquakes reduces the difficulties in assigning take-off angles and provides more coverage of the focal sphere than is possible with teleseismic recordings.
Of course, the changes in the polarities as well as in the S/P ratios put considerable constraints on focal mechanisms. The program code FOCMEC (Snoke et al. 1984) has been used to estimate focal mechanisms. It requires P and S polarities and S/P amplitude ratio. The inversion is performed in a grid search. Among those solutions that are in agreement with the given polarities, the best-fitting double-couple is computed by minimization of the misfit between observed and calculated amplitude ratios.
The results are summarized in table 1 and figure 7. The figure shows lower hemisphere projection of all pairs of nodal planes that are in agreement with the polarities. The solution giving the best misfit between observed and calculated amplitude ratio is shown in figure 5 . The obtained focal mechanisms represent different styles of faulting: reverse and normal with strike-slip faulting mechanisms. However, normal faulting with a strike-slip component is prevailing for background or solitary seismicity. The following temporal course in the style of faulting is evident: the first three mechanisms are normal with a strike-slip component that decreases with time. These events occurred before the microearthquake swarm that began on 11 August 2004. Throughout the microearthquake swarm (11-17 August 2004), all focal mechanisms, except event no. 10 (which does not belong to the swarm) are characteristic of reverse faulting with a strike-slip component. By the end of the swarm the strike-slip mechanism is dominant. This leads us to suggest that normal faulting with a strike-slip component is characteristic of the background or solitary seismicity in Abu-Dabbab. However, the incidence of reverse faulting with a strike-slip component is temporarily raised by magmatic intrusion into the upper crust. We base this statement on the relatively high heat flow (92 mW/m 2 ), shallow depths (5-7 km) of the reverse faulting mechanisms, and the more than 35% non-doublecouple components obtained in moment tensor inversions for these earthquakes (Hosney 2007) . Future studies are needed to determine if such a temporal course is still valid when more focal mechanisms are incorporated.
Recent Stress Field
Earthquake focal-mechanism solutions have been used as a basic tool in the determination of regional stress. Although focal mechanism solutions as a stress indicator are most abundant in the World Stress Map (58% of the database), they are not exempt from ambiguity, as McKenzie (1969) pointed out. However, the focal mechanism solutions of moderate and large earthquakes may serve as an indication of the orientation of the regional stress and not deviate strongly from the true or actual orientation. The groupings of P-and T-axes from a number of focal mechanism solutions are generally good indicators of regional largest-and-least stress directions as suggested by numerous researchers (e.g., Zoback and Zoback 1980) . It is, however, a generally accepted approximation that the compression (P) and tension (T) and null (B) axes obtained from earthquake fault-plane solutions can be associated with the maximum (σ 1 ), minimum (σ 3 ), and intermediate (σ 2 ) principal stress directions (Raleigh et al. 1972; Smith 1977; Eaton 1979; Mercier et al. 1979; Zoback and Zoback 1980; Gephart and Forsyth 1984; Philip 1987; Badawy 1996; Badawy and Horváth 1995, 1999) . For the assignment of stress regimes, threshold values of the plunging of the P, B, and T axes can be used (Zoback 1992) . If the axes do not fit into these categories, the stress regime is assigned undetermined (U). The stress regime categories are based on Anderson's (1951) classification: NF (normal fault), NS (predominantly normal faulting with a strike-slip component), SS (strike-slip fault), TS (predominantly reverse faulting with a strike-slip component), and TF (thrust fault).
To investigate the present-day stress field for the AbuDabbab region, we used the 17 focal mechanisms of the August 2004 swarm. Reverse faulting with a strike-slip component (TS) characterizes the majority of the earthquake focal mechanisms; only a few events are strike-slip (SS) or normal faulting with a strike-slip component (NS) (figure 8). In general, the orientation of maximum horizontal stress (σ H ) shows that the stress field at Abu-Dabbab is consistent with the overall stress field in Upper Egypt (see, for example, Badawy 2001a, b; 2005b) . Based on these results, we suggest that the Abu-Dabbab stress field is most influenced by local phenomena, and both the microearthquakes and swarms seem to have local sources (e.g., magmatic intrusion) that are triggered by regional tectonics.
DISCUSSION AND CONCLUSIONS
The initiation of high levels of seismic activity without the presence of a large seismic mainshock is typical of volcanic activity. Also, the relatively slow migration of epicenters downrift is very characteristic of lateral magma dike injection. The AbuDabbab area is a locally hazardous province where tectonic and magmatic processes interact to drive ongoing seismicity and deformation. It is located on the rifted margin of the Red Sea in a likely environment for significant present-day plutonic microearthquake activity. It is not clear if the tectonic extension drives magmatic intrusion in this area or if magmatic activity is independent of regional tectonic processes. Magmatic intrusion and the extensional faulting are temporally coupled, yet it is not clear how these processes mechanically interact and potentially trigger each other. In this study, we investigated the microearthquake activity and the role of interaction between tectonic and magmatic processes as neotectonics in Abu-Dabbab. To gain a first-order understanding of the mechanics by which the Abu-Dabbab area deforms, local fault geometries need to be established. To this end we located microearthquake seismicity recorded during a three-week period and estimated earthquake focal mechanisms.
The spatial distribution of microearthquakes tends to align in an ENE-WSW direction marking a zone of activity transverse to the Red Sea. The characteristics of the seismic activity at Abu-Dabbab (extremely tight clustering within a very small area, different style of source mechanisms, and local stress field) suggest that the area's seismicity is related to local sources rather than regional tectonics. Focal mechanism solutions show different fault styles: normal faulting with a strike-slip component is dominant before and after the investigated swarm as background seismicity. Reverse faulting with a strike-slip component is characteristic in all events during the seven-day swarm. In spite of the differences in the faulting style, it can be pointed out that the obtained mechanisms show differently oriented nodal planes as well (NW 35%; NE 29%; ENE, WNW 24%; and NNE, NNW 12%) (table 1) . Indeed, all these fault trends are evidently caused by surface faults (figure 3). Nevertheless, despite these discrepancies a left-lateral strike-slip motion is the common result for all mechanisms (figure 7).
To better understand the mechanical interaction of tectonic and magmatic processes at the regional scale we used earthquake focal mechanisms at the Abu-Dabbab area to derive a picture of the regional stress field Our investigation shows that around the Abu-Dabbab area, the maximum compressive stress (σ 1 ) is perturbed from the regional NW-SE direction to an E-W and ENE-WSW orientation. This stress perturbation can be explained only by the intrusion of magma beneath the resurgent dome. Thus, the direction of fault slip seems to be controlled by local tectonic processes rather than by regional processes. This implies that magmatic intrusion governs present-day deformation and seismic activity in the Abu-Dabbab region. The magmatic intrusions are consequently accompanied by high heat flows. At Abu-Dabbab the heat flows are measured at 92 mW/m 2 -one of the highest values in the eastern Egyptian desert (Boulos 1990) . Asymmetric distribution of the volcanoes with respect to the rift axis of the Red Sea may be another problem and suggests a possibility of leakage of volcanic activity from the rift to the Egyptian margin. Tertiary basaltic occurrences and outcropping basalts are well-identified in the eastern desert of Egypt (Meneisy 1990) .
We hope to return to this area in the future with very broadband stations, but rugged terrain and limited access prevent immediate additional field studies. Moreover, future studies such as magnetic profiling and Curie depth analysis are needed to investigate the source of Abu-Dabbab microearthquake seismicity.
